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Introduction {#sec1}
============

Spermatogonial stem cells (SSCs) provide the foundation of spermatogenesis ([@bib10], [@bib25]). SSCs constantly undergo self-renewal division on the basement membrane of the seminiferous tubules in the germline niche. Although the exact cell composition of the germline niche is unknown, Sertoli cells, which form a simple epithelial monolayer in the seminiferous tubules, provide self-renewing factors and nutritional support for spermatogenic cells, which make them the major regulator of SSC fate ([@bib14]). Sertoli cells form the blood-testis barrier (BTB), which is composed of several claudin proteins ([@bib11], [@bib27], [@bib6]). The BTB divides the seminiferous tubules into the basal and adluminal compartments. Spermatogonia in the basal compartment divide and differentiate into preleptotene spermatocytes, which then transmigrate through the BTB into the adluminal compartment.

Because Sertoli cells regulate the biology of SSCs, developing methods to introduce genes to Sertoli cells would be useful not only for the basic study of SSCs but also for clinical application for male infertility treatment. In previous studies, transduction of genes into Sertoli cells has been achieved by microinjection of lentiviruses or adenoviruses into the seminiferous tubules ([@bib19], [@bib21]). Lentivirus or adenovirus expressing *Kitl* was able to restore spermatogenesis in adult *Kitl*^Sl^/*Kitl*^Sl-d^ male mice and normal offspring were obtained. Although no offspring were reported, electroporation of *Kitl* gene also induced spermatogenesis in *Kitl*^Sl^/*Kitl*^Sl-d^ mice ([@bib46]). Because normal offspring without the transgene integration were born using virus vectors, these results raised the possibility of gene therapy for animal and human infertility.

However, limitations of these approaches became evident in later studies. For example, adenovirus causes inflammatory reaction and decline of long-term gene expression of adenovirus was also reported ([@bib3], [@bib24]). Moreover, electroporation and lentivirus can transduce genes to germ cells, including SSCs ([@bib18], [@bib32]). The lack of gene transduction in SSCs in the original studies was probably due to the BTB. This was supported by our previous observation that transgenic mice were born after microinjection of retrovirus into immature testes before BTB development ([@bib22]). Thus, there is clearly a need to develop safer and more efficient approaches for transducing Sertoli cells *in vivo*.

One candidate technique for overcoming these problems is to use adeno-associated viruses (AAVs) ([@bib9]). Unlike retroviruses and lentiviruses, AAVs are non-pathogenic and infect both dividing and non-dividing cells without apparent cytotoxicity or insertional mutagenesis. AAVs are also unique in that they are highly selective regarding target cell infection. To date, 12 primate serotypes have been described (AAV1--12), and more than 110 distinct AAV capsid sequences have been isolated. More importantly, AAVs have a unique ability to penetrate the blood-brain barrier (BBB) ([@bib13]). Injection of AAV9-GFP into veins of newborn mice led to widespread transduction of neurons and astrocytes throughout the brain. On the basis of these observations, we hypothesized that AAVs may also penetrate the BTB, which is another type of tight junction.

In this study, we detail the utility of AAVs in transducing testis cells *in situ*. In our attempt to determine the target cell populations of AAVs in testes, we found that AAVs can transduce many cell types. In particular, AAV1/9 can penetrate not only the BTB but also the basement membrane of the seminiferous tubules. We used this strategy to transduce both SSCs and Sertoli cells with no harmful reactions, and produced offspring without AAV integration. This new strategy of gene transduction via AAVs may be useful for studying the mechanisms of spermatogenesis, and has potential applications for fertility restoration in animals and humans.

Results {#sec2}
=======

Screening of AAV Serotypes by *In Vivo* Microinjection {#sec2.1}
------------------------------------------------------

We screened 13 types of AAVs with different capsids (AAV1, 2, 5, 6, 6.2, 7, 8, 9, 10, 11, hu11, Anc80L65, and DJ8), all of which express mCherry. Virus particles were microinjected into the seminiferous tubules or interstitial tissues. Of the 13 tested serotypes, mCherry fluorescence was observed when AAV1, 8, 9, 11, and DJ8 were microinjected into the seminiferous tubules ([Figures 1](#fig1){ref-type="fig"}A and 1B). Focal, but consistent, infection was found for AAV6.2 and AAV10 despite repeated attempts. We also noted relatively strong signals in testes that received interstitial injections of AAV1, AAV8, and AAV9, but no fluorescence was observed following interstitial injection with AAVDJ8. We tried three different titers of virus (0.2 × 10^12^/mL, 1 × 10^12^/mL, and 5 × 10^12^/mL), but mCherry expression pattern was essentially the same by macroscopic appearance ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1Screening of AAV Serotypes(A) Route of injection.(B) Macroscopic appearance of wild-type mouse testes 1 week after microinjection with mCherry-expressing AAVs.(C) Immunostaining of AAV1, AAV8, or AAV9-mCherry-injected testes for undifferentiated spermatogonia (GFRA1) and Sertoli cell (WT1) markers 1 week after microinjection with AAV-mCherry. Arrowheads indicate target cells infected with AAVs.(D) Quantification of immunostaining. Three tubules from three different testes were counted for tubular and interstitial injection.(E) Immunostaining of AAV1 or AAV9-mCherry-injected testes for STAR or ACTA2 1 week after microinjection with AAV-mCherry. Arrowheads indicate target cells infected with AAVs.Error bars represent standard errors. Scale bars, 1 mm (B) and 40 μm (C and E). Counterstain, Hoechst 33342 (C and E). See also [Figures S1--S6](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}.

Double immunohistochemistry of testes that received tubular injection revealed that AAV1 and AAV9 infected both Sertoli cells and germ cells, while AAV8 selectively transduced Sertoli cells ([Figures 1](#fig1){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}). Microinjection of AAV6, AAV6.2, AAV10, AAV11, and AAVDJ8 into the seminiferous tubules also transduced Sertoli cells, but the infection efficiency was very low compared with AAV8 ([Figure S3](#mmc1){ref-type="supplementary-material"}). No germ cell infection was found with these viruses.

AAV1 and AAV9 transduced not only haploid cells in the adluminal compartment but also spermatogonia on the basement membrane. Quantification of cells expressing GFRA1 (a marker for A~single~ \[A~s~\], A~paired~ \[A~pr~\] spermatogonia, and some A~aligned~ \[A~al~\] spermatogonia) or CDH1 (a marker for undifferentiated spermatogonia) showed that AAV9 is superior to AAV1 at transducing these cell types ([Figure 1](#fig1){ref-type="fig"}D). There were no significant differences in transduction efficiency for KIT^+^ (a marker for differentiating spermatogonia) or SYCP3^+^ (a spermatocyte marker) cells, but IZUMO1^+^ (a marker for spermatids developing into sperm) cells were rarely transduced by these viruses. Cells expressing WT1 (a Sertoli cell marker) were infected with comparable efficiency. Spermatogonia and Sertoli cell transduction was also confirmed in testes 3 months after microinjection ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C). However, the superiority of AAV9 was not evident at this point. The infection of primitive spermatogonia populations suggests that AAV1 and AAV9 that were introduced into the adluminal compartment penetrated the BTB and infected undifferentiated spermatogonia in the basal compartment.

Although the results of three different doses were essentially the same for most AAVs (0.2 × 10^12^/mL, 1 × 10^12^/mL, and 5 × 10^12^/mL), we noted that AAV1 and AAV9 could infect cells expressing STAR (a Leydig cell marker) at the highest dose (5 × 10^12^/mL). These signals became stronger when we confirmed the results by further increasing the AAV concentration (1 × 10^13^/mL) ([Figure 1](#fig1){ref-type="fig"}E). Cells expressing ACTA2 (a marker for peritubular cells) also showed mCherry expression at this dose, suggesting that they are not as efficiently transduced as Leydig cells. Nevertheless, these results suggested that AAV1 and AAV9 can penetrate not only the BTB but also the basement membrane. In contrast, AAV8 could not infect germ cells even at the highest dose (1 × 10^13^/mL).

Surprisingly, immunohistochemistry of testes that received AAV1 and AAV9 interstitial injections showed very similar mCherry expression patterns. In addition to infection of Leydig cells and peritubular cells ([Figure S2](#mmc1){ref-type="supplementary-material"}), a significant number of germ cells in both the basal and adluminal compartments were infected ([Figures 1](#fig1){ref-type="fig"}C, 1D, [S2](#mmc1){ref-type="supplementary-material"}, and [S4](#mmc1){ref-type="supplementary-material"}A--S4C). Signals in the germ cell compartment ranged from GFRA1^+^ undifferentiated spermatogonia to the IZUMO1^+^ spermatid-sperm stage. Although KIT^+^ cells were constantly infected with higher efficiency by AAV9, this was not evident at 3 months. GFRA1^+^ and CDH1^+^ spermatogonia were infected with comparable efficiency at both stages. Sertoli cells were also efficiently transduced by AAV1 and AAV9 interstitial injection at both time points. In contrast to tubular injection, no infected Sertoli cells were found following interstitial injection of AAV8 even at the highest dose (1 × 10^13^/mL). Although AAV8 infected Leydig cells, peritubular cells also did not show fluorescence. These patterns of gene transduction were not observed with lentiviral or adenoviral injections ([Figure S5](#mmc1){ref-type="supplementary-material"}). These results suggest that AAV8 does not penetrate the basement membrane and has distinct properties from AAV1 and AAV9.

Because of the unique transduction patterns of AAV1 and AAV9, we examined their receptor distribution. AAV9 binds to terminal N-linked galactose, while a2,3/a2,6 N-linked sialic acid is the receptor for AAV1 ([@bib1]). However, these molecules were widespread in the seminiferous tubules and did not show specific distribution patterns ([Figure S6](#mmc1){ref-type="supplementary-material"}).

Kinetics of AAV Transduction {#sec2.2}
----------------------------

To study transduction kinetics, we used *R26R*-*Eyfp* mice, which allowed for more sensitive identification of infected cells ([@bib45]). We infected these mice by *Cre*-expressing AAV9. AAV9-Cre infection initiated expression of EYFP, which was somewhat stronger by tubular injection ([Figure 2](#fig2){ref-type="fig"}A). Immunostaining showed that WT1^+^ Sertoli cells were infected as early as 1 day after microinjection, whereas GFRA1^+^ spermatogonia did not show fluorescence ([Figure 2](#fig2){ref-type="fig"}B), suggesting that Sertoli cell infection is a very rapid process.Figure 2Transduction Kinetics Analyzed by Microinjection of AAV9-Cre into *R26R-Eyfp* Mice(A) Macroscopic appearance of *R26R-Eyfp* mouse testes at indicated time points after AAV9-Cre microinjection.(B) Immunostaining of *R26R-Eyfp* mouse testes for undifferentiated spermatogonia (GFRA1) and Sertoli cell (WT1) markers.(C) Real-time PCR analysis of *Gdnf*, *Fgf2*, and *Kitl* expression in wild-type untreated and busulfan-treated testes 2 days after microinjection. Three testes from three different animals were used (n = 3).(D) Immunostaining of CLDN11 1 week after microinjection with AAV1- or AAV9-mCherry.(E) Functional assessment of the BTB. Wild-type and *Cldn11* KO mouse testes transduced with AAV8-, AAV1-, or AAV9-mCherry were injected interstitially with biotin (green). Samples were recovered 30 min after microinjection (n= 3).Error bars represent standard errors. Scale bars, 1 mm (A) and 40 μm (B, D, and E). Counterstain, Hoechst 33342 (B, D, and E). See also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

Infection with AAV did not appear to significantly influence the SSC microenvironment, as real-time PCR showed that neither AAV1 nor AAV9 transduction influenced the expression levels of cytokines involved in spermatogonia self-renewal and differentiation ([Figure 2](#fig2){ref-type="fig"}C). Because the proportion of Sertoli cells is very small (∼3%; [@bib2]), we also analyzed the expression in busulfan-treated testes that contain enriched Sertoli cells due to loss of germ cells. Although busulfan treatment increased *Kitl* and *Fgf2* expression, we were not able to find significant impact of AAV infection even in busulfan-treated testes.

Because AAV1 and AAV9 penetrated the BTB, we also examined the distribution of CLDN11, a major component of the BTB. However, CLDN11 expression was not observably altered by AAV1 or AAV9 infection ([Figure 2](#fig2){ref-type="fig"}D). The integrity of the BTB was further confirmed in a functional manner by tracer experiments. Three days after tubular or interstitial injection of AAV1- or AAV9-mCherry, we microinjected biotin (557 D) into the interstitium of adult testes. *Cldn11* knockout (KO) mouse testes, which lack the BTB, were used as a positive control. Although leakage into the tubule lumen was readily observed in *Cldn11* KO mice ([Figure 2](#fig2){ref-type="fig"}E), AAV injection did not induce apparent biotin leakage into the adluminal compartment. These results suggested that both AAV1 and AAV9 penetrated the basement membrane as well as the BTB and infected both Sertoli cells and germ cells.

*In Vivo* Transduction of SSCs by AAV1/9 {#sec2.3}
----------------------------------------

To confirm the transduction of SSCs, we used spermatogonial transplantation ([@bib4]) ([Figure 3](#fig3){ref-type="fig"}A). In this experiment, *Cre*-expressing AAV1 or AAV9 was microinjected into the seminiferous tubules of *R26R-Eyfp* mice. Between 1 and 2 weeks after microinjection, their testes were recovered and used for transplantation. Testes of *R26R-Eyfp* mice that received tubular injection showed stronger fluorescence under UV light than those with interstitial injection ([Figure 3](#fig3){ref-type="fig"}B).Figure 3Functional Analysis of SSC Transduction by AAVs(A) Experimental schematic.(B) Macroscopic appearance of *R26R-Eyfp* mouse testes at the time of donor cell collection.(C) Macroscopic appearance of recipient testes.(D) Lectin staining of recipient testes by a haploid (peanut agglutinin, PNA) cell marker showing the normal appearance of donor-derived spermatogenesis.(E) Colony counts (n = 18--19). Nine to ten recipients were analyzed.(F) Offspring born after microinsemination using AAV9-infected *R26R-Eyfp* donor testis cells.(G) EYFP fluorescence in the offspring.(H) PCR analysis of *Cre*-mediated deletion. Tail DNA samples from offspring produced after tubular or interstitial injection were analyzed using indicated primers (red arrows).Error bars represent standard errors. Scale bars, 1 mm (B, C, and G) and 40 μm (D). Counterstain, Hoechst 33342 (D). See also [Table S1](#mmc1){ref-type="supplementary-material"}.

Donor testes were then microinjected into the seminiferous tubules of busulfan-treated mice. When recipient testes were analyzed, all donor types produced germ cell colonies, demonstrating that SSCs are transduced by AAV1/9 regardless of injection route ([Figure 3](#fig3){ref-type="fig"}C). Histological analyses showed normal-appearing spermatogenesis in the recipient testes ([Figure 3](#fig3){ref-type="fig"}D). However, the frequency of colonization was dependent on virus type and injection route. *R26R-Eyfp* testis cells that received AAV1 and AAV9 via tubular injection produced more colonies than those that received interstitial injection ([Figure 3](#fig3){ref-type="fig"}E), suggesting that SSCs are transduced more efficiently by tubular injection.

To confirm the function of *Cre*-transfected SSCs, we carried out *in vitro* microinsemination. We focused on AAV9 because of its efficient transduction. Elongated spermatids from two types of recipients were microinjected into oocytes ([Table 1](#tbl1){ref-type="table"}). Both types of cells produced normal offspring with EYFP fluorescence under UV light ([Figures 3](#fig3){ref-type="fig"}F and 3G), and deletion of *loxP* was confirmed ([Figure 3](#fig3){ref-type="fig"}H). These results showed that SSCs that were transduced by AAV9 *in vivo* are functionally normal.Table 1*In Vitro* Microinsemination with Spermatozoa Recovered after *In Vivo* Genetic Manipulation by AAVType of ExperimentSite of InjectionNo. of Embryos CulturedNo. of Embryos Transferred (%)No. of Embryos Implanted (%)No. of Pups (%)AAV9-Cre[a](#tblfn1){ref-type="table-fn"}tubule5730 (73.7)12 (21.0)10 (17.5)interstitial5843 (74.1)26 (44.8)18 (31.0)AAV9-Kitl[b](#tblfn2){ref-type="table-fn"}tubule13598 (72.6)56 (41.5)31 (23.0)interstitial118100 (84.7)51 (43.2)27 (22.9)[^1][^2][^3]

Improvement of Transfection of AAV9 by Neuraminidase {#sec2.4}
----------------------------------------------------

Although both tubular and interstitial injection successfully transduced germ and Sertoli cells, efficiency was still limited. Because of its better transduction efficiency, we focused on AAV9 in the following experiments. To improve the efficiency of AAV-mediated gene transduction, we first used an AAV9 mutant capsid, which is known to delay ubiquitination and has been used to improve transfection efficiency ([@bib8]). However, we did not observe any apparent improvement ([Figure S7](#mmc1){ref-type="supplementary-material"}A).

We then used neuraminidase to improve infection efficiency. AAV9 uptake in lungs was greatly increased when terminal sialic acids were removed by neuraminidase ([@bib1]). We co-injected AAV9-mCherry with neuraminidase and the mice were euthanized 1 week after the injection. Testes that received co-injection of neuraminidase showed significantly enhanced mCherry expression regardless of the route of injection ([Figure S7](#mmc1){ref-type="supplementary-material"}B). Double immunostaining showed that neuraminidase significantly increased the transduction efficiency of GFRA1^+^ undifferentiated spermatogonia by ∼2.2- and ∼1.5-fold by tubule and interstitial injection, respectively ([Figures S7](#mmc1){ref-type="supplementary-material"}C and S7D). However, we did not find any significant differences in Sertoli cell transduction, possibly because these cells were already infected with high efficiency even without any treatment. These results showed that neuraminidase treatment can improve AAV9 transduction efficiency in undifferentiated spermatogonia.

Rescue of Infertility in Kitl^Sl^/Kitl^Sl-d^ Mice by AAV9 Transduction of Sertoli Cells {#sec2.5}
---------------------------------------------------------------------------------------

In the final set of experiments, we tested the utility and safety of AAV by correcting infertility in *Kitl*^Sl^/*Kitl*^Sl-d^ male mice ([Figure 4](#fig4){ref-type="fig"}A). These mice are congenitally infertile because they lack expression of membrane-bound *Kitl* in Sertoli cells. However, these testes contain a small number of SSCs (∼5% of the wild-type number) ([@bib34], [@bib40]). Although we previously used adenovirus and restored spermatogenesis, adenovirus infection causes inflammatory reactions ([@bib3], [@bib24]) and CD4^+^, but not CD8^+^ cells, were found in the testes as early as 1 week after microinjection into the seminiferous tubules ([Figure 4](#fig4){ref-type="fig"}B). Based on these observations, we microinjected AAV9-Kitl into the seminiferous tubules and into the interstitial tissue of *Kitl*^Sl^/*Kitl*^Sl-d^ male mice. Neuraminidase was also added in some injections to improve transduction efficiency. Immunostaining confirmed lack of infiltrating CD4^+^ cells.Figure 4Rescue of Infertility in *Kitl*^Sl^/*Kitl*^Sl-d^ Mice by AAV9-Kitl Infection(A) Macroscopic, histological, and lectin-histochemical appearance of *Kitl*^Sl^/*Kitl*^Sl-d^ mouse testes after microinjection with AAV9-Kitl.(B) Immunostaining of *Kitl*^Sl^/*Kitl*^Sl-d^ mouse testes by CD4 and CD8 antibodies 1 week after microinjection of Adex1CAmKL or AAV9-Kitl into the seminiferous tubules.(C and D) Offspring born after microinsemination using sperm generated after tubular (C) or interstitial (D) injection of AAV9-Kitl.(E and F) Southern blot analysis of DNA samples using a *Kitl* cDNA probe. DNA samples were collected from representative offspring born after microinsemination using sperm generated after tubular (E) or interstitial (F) injection of *Kitl*-expressing AAV9. DNA was digested with the indicated restriction enzymes. The wild-type locus produced hybridization bands at 4.3 and 13 kb, the *Kitl*^Sl^ locus produced no bands, and the *Kitl*^Sl-d^ locus produced bands at 4.3 and 7 kb.Scale bars, 1 mm (A, upper panels) and 40 μm (A, middle and lower panels; B). Counterstain, H&E (A, middle) and Hoechst 33342 (A, bottom; B). See also [Figure S7](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}.

We euthanized the animals 3 months after microinjection to examine the levels of spermatogenesis. Although *Kitl*^Sl^/*Kitl*^Sl-d^ mouse testes are small (∼11 mg), testes that received AAV9-Kitl injections grew larger regardless of injection route ([Figure 4](#fig4){ref-type="fig"}A), suggesting regeneration of spermatogenesis. Histological analyses of the injected testes revealed spermatogenesis in all of the samples. The success of the restoration of spermatogenesis varied greatly among the samples, but comparable numbers of seminiferous tubules exhibited spermatogenesis with either injection type ([Table 2](#tbl2){ref-type="table"}). Unlike adenovirus-mediated gene transduction, no apparent inflammatory reaction was found by histological analysis ([Figure 4](#fig4){ref-type="fig"}A). These results suggested that Sertoli cells can be transduced by AAV vectors to restore spermatogenesis regardless of administration route.Table 2Spermatogenesis Following Microinjection of AAV9-Kitl into *Kitl*^Sl^/*Kitl*^Sl-d^ Mouse TestesType of ExperimentSample NumberVirus Titer (/mL)Days after InjectionTestis Weight (mg)[a](#tblfn3){ref-type="table-fn"}Tubule with Spermatogenesis (%)[b](#tblfn4){ref-type="table-fn"}Tubular11.0 × 10^11^9221.543.2 (48/111)21.0 × 10^11^9229.877.1 (91/118)31.0 × 10^11^9222.128.7 (56/195)45.0 × 10^12^12630.033.9 (43/127)55.0 × 10^12^12636.850.4 (67/133)Interstitial15.0 × 10^12^9121.721.5 (31/144)25.0 × 10^12^9128.564.1 (66/103)3[c](#tblfn5){ref-type="table-fn"}5.0 × 10^12^9127.653.8 (64/119)4[c](#tblfn5){ref-type="table-fn"}5.0 × 10^12^9124.024.0 (42/175)5[c](#tblfn5){ref-type="table-fn"}5.0 × 10^12^9423.538.9 (44/113)[^4][^5][^6]

To test the fertility of regenerated germ cells, we performed microinsemination. Thirty-one and 27 offspring were born, respectively, from *Kitl*^Sl^/*Kitl*^Sl-d^ mice that had received tubular and interstitial injection, although one of the offspring died soon after birth in each experiment ([Figures 4](#fig4){ref-type="fig"}C and 4D). Because *Kitl*^Sl^/*Kitl*^Sl-d^ mice can produce sperm bearing *Kitl*^Sl^ or *Kitl*^Sl-d^, microinsemination using these sperm will result in producing two types of offspring. To confirm the genotype of the offspring, we carried out Southern blot analysis, which showed that each offspring carried *Kitl*^Sl^ or *Kitl*^Sl-d^ mutant alleles and 15 *Kitl*^Sl^/+ and 15 *Kitl*^Sl-d^/+ offspring were born by tubular injection ([Figures 4](#fig4){ref-type="fig"}E and 4F). Likewise, 9 *Kitl*^Sl^/+ and 17 *Kitl*^Sl-d^/+ offspring were born by interstitial injection.

Lack of AAV9 Transduction in the Offspring {#sec2.6}
------------------------------------------

To test whether the offspring carried AAV9 genome, we first carried out Southern blotting. We analyzed tail DNA from all offspring born from SSC or Sertoli cell transduction experiments. Southern blot analysis showed lack of apparent signals in any of the offspring ([Figures 5](#fig5){ref-type="fig"}A--5D). We also carried out PCR using primers specific to AAV as well as insert DNA (i.e., *Cre* and *Kitl*), but failed to detect AAV9 integration ([Figures 5](#fig5){ref-type="fig"}E and 5F). These results indicate that AAV9 transduced both SSCs and Sertoli cells without stable integration into the genome.Figure 5Analysis of AAV9 Integration in the Offspring(A--D) Southern blot analysis of F1 DNA samples from *R26R-Eyfp* (A and B) or *Kitl*^Sl^/*Kitl*^Sl-d^ (C and D) mice hybridized with *Cre* (A), *Kitl* (C), or empty AAV vector (B and D). Controls represent viral DNA in amounts equivalent to 1 and ten copies of viral DNA per diploid genome. DNA was digested with the indicated restriction enzymes. Note endogenous (endo.) *Kitl* locus produced bands in all samples in *Kitl*^Sl^/*Kitl*^Sl-d^ mouse experiment.(E) PCR analysis of AAV9-Cre integration in the tail DNA. AAV9-specific 5′- or 3′-end-specific primers as well as *Cre*-specific primers were used. Samples were collected from offspring produced after tubular or interstitial injection with AAV9-Cre.(F) PCR analysis of AAV9-Kitl integration in the tail DNA. AAV9-specific 5′- or 3′-end-specific primers as well as *Kitl*-specific primers were used. Samples were collected from offspring produced after tubular or interstitial injection with AAV9-Kitl. Controls containing 0.1 mg of normal mouse DNA were spiked with viral DNA representing 0.1 and 1 copies of the viral genome.See also [Table S2](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

Previous studies have shown infection of germ cells by AAVs in several animal models. For example, AAV2 was shown to appear in semen after intravenous injection in rabbits ([@bib12], [@bib39]). Moreover, AAV2 was found to integrate into the genomes of SSCs not only in mice but also in pigs by *in vitro* infection ([@bib17], [@bib47]). These experiments suggested that AAV-mediated gene therapy is potentially dangerous. However, we recently reported that AAV1, but not AAV2, can infect SSCs but do not integrate into the genome, and offspring without AAV integration were born after *in vitro* infection and spermatogonial transplantation ([@bib45]). Although it is very difficult to exclude the possibility of germline integration completely, our *in vitro* experiment raised a possibility that at least some types of AAVs may be used to transduce SSCs *in vivo* without germline integration. Compared with other routes of AAV administration, direct injection of AAVs into testes would provide a more direct approach to address the potential of germ cell infection, which has important implications in future applications.

We tested 13 types of AAV capsids, examining their ability to infect germ cells and Sertoli cells by intratubular injection. AAV8 transduced Sertoli cells, whereas AAV1 and AAV9 efficiently transduced both Sertoli cells and germ cells. The pattern of AAV1/9 infection was striking because these viruses infected not only spermatocytes in the adluminal compartment but also spermatogonia in the basal compartment. These results suggested that AAV1/9 particles passed through the BTB, unlike lentivirus or adenovirus that cannot penetrate the BTB. Because GFRA1 is an SSC marker ([@bib23]), this observation raised the possibility that SSCs are also transduced by AAV1/9. We tested this hypothesis by spermatogonial transplantation. Colony formation by *R26R-Eyfp* mice after AAV9-Cre transduction clearly demonstrated that SSCs were indeed transduced by AAV1/9 before transplantation. These experiments confirmed that AAVs transduced SSCs *in situ*.

Although AAV1 and AAV9 transduction patterns appeared to be quite similar in the infected testis, they had distinct characteristics. For example, the unique ability of AAV9 to penetrate tight junctions was previously reported in BBB ([@bib13]). However, the BBB differs from the BTB in that the former is found between the endothelial cell junctions in the capillary walls. Moreover, the molecular composition is also different: the BBB is composed of CLDN1, CLDN3, CLDN5, and CLDN12 ([@bib38]), but a different set of claudins, including CLDN3, CLDN5, and CLDN11, contribute to the BTB ([@bib15], [@bib26], [@bib31]). Therefore, AAV9 penetrates tight junctions composed of different subsets of claudins. AAV1, in contrast, has not been reported to penetrate tight junctions. AAV1 is also distinct from AAV9 in that the former can infect germline stem cells *in vitro* ([@bib45]). In this sense, the infection of SSCs by AAV9 injection was unexpected, and suggests that SSCs may show distinct properties *in vivo* versus *in vitro*, confirming our previous observations on the phenotypic plasticity of SSCs ([@bib29]).

Although we currently do not know how AAV1/9 penetrated the BTB, the most straightforward explanation is disturbance of the tight junction proteins. However, we did not find any changes in the BTB with biotin tracer experiments. Moreover, receptors for these viruses were expressed widely in the testis, and do not explain the unique properties of these viruses. In this context, a more likely explanation is virus transcytosis ([@bib36]). Transcytosis is a type of transcellular transport whereby various macromolecules are transported across the interior of a cell. *In vitro* experiments showed that AAV5 penetrated reconstituted endothelial cells and epithelia, which was blocked by AAV5-specific antisera or tannic acid ([@bib36]). Although transcytosis has not been reported in Sertoli cells to our knowledge, we speculate that AAV1/9 migration through the BTB is regulated by a similar process. Further investigation will be required to address this point.

Another unexpected feature of AAVs was the penetration through the basement membrane. The basement membrane has been a critical impediment for AAV transduction ([@bib7]). However, our results showed that AAVs can penetrate the basement membrane by both tubular and interstitial injections. However, the efficiency of transduction was more dramatic by interstitial injection. There are at least two possible explanations for this result. One possibility is AAV inactivation. Sertoli cells produce enormous amounts of seminiferous tubule fluid and proteases ([@bib28], [@bib37]). The ionic and protein composition of this fluid is strikingly different from that of interstitial fluid, which is derived from blood as a capillary filtrate ([@bib44]). This difference may affect the stability or turnover of AAVs. Alternatively, the unidirectional infection could be caused by the differences in the virus titers. Considering the number of target cells, the concentration of viruses to target cells may be much lower when they penetrate the basement membrane from the adluminal side. This could reduce the virus transduction efficiency from the luminal side.

The most striking result in this study was the generation of offspring from congenitally infertile *Kitl*^Sl^/*Kitl*^Sl-d^ mice. This result demonstrated proof of principle that AAVs can be used to treat male infertility resulting from environmental defect. Although Sertoli cells may be infected by other types of viruses ([@bib19], [@bib21]), adenoviruses induced inflammation and gradually lost expression, and lentiviruses have the potential to integrate into the germline. Given the apparent infection of SSCs by AAV9 in previous experiments, SSCs in *Kitl*^Sl^/*Kitl*^Sl-d^ testes must have been infected by *Kitl*-expressing AAV9. However, none of the offspring showed evidence of germline AAV integration. Although we cannot exclude the possibility of extrachromosomal/episomal virus before germline transmission, we were not able to detect viral DNA in offspring, suggesting that AAVs did not stably integrate into the genome after germline transmission. Because no apparent abnormalities were found in spermatogenesis or testes following AAV9 infection, AAVs are apparently superior to previous approaches based on lentiviruses or adenoviruses and offer a promising strategy for treating animal or human infertility.

Our results show that AAVs represent a unique tool for manipulating both germ cells and Sertoli cells. Targeting Sertoli cells and germ cells with interstitial injection is attractive for genetic manipulation of these cell types in many animal species for which tubular microinjection is difficult or impossible due to differences in anatomical structures. Currently, an ultrasound-guided technique is being used for large animal species and primates for microinjection into the seminiferous tubules ([@bib16]), but their genetic manipulation has not been possible. Because spermatogonial transplantation requires sterilizing treatments of the recipients, this also potentially damages the testicular microenvironment. In this context, *in vivo* genetic manipulation using AAVs is attractive because neither sterilizing treatments nor ultrasound-guided techniques are required. AAV-mediated gene therapy may also be applicable to treating spermatogenic defects in humans. Although more extensive studies to examine off-target effects of AAVs and inadvertent germline integration need to be carried out ([@bib5], [@bib17]), our study provides a new experimental strategy for genetic manipulation of germ cells and their microenvironment, which may be applied to cure human infertility with extreme caution.

Experimental Procedures {#sec4}
=======================

Virus Production {#sec4.1}
----------------

AAV production was previously described ([@bib45]). In brief, an AAV vector plasmid (pAAV-CAG-mCherry, pAAV-CAG-Kitl or pAAV-CAG-Cre), an adenovirus helper plasmid (pHelper; Agilent Technologies, Santa Clara, CA), and an AAV helper plasmid (pAAV-RC, Agilent Technologies; pAAV1, pXR5, pAAV6, pAAV6.2, pAAV7, pAAV8, pAAV9, pAAV10, pAAVhu11, gifts from Penn Vector Core \[University of Pennsylvania, PA\], pAAV11, gift from Dr. T. Kanda \[National Institute of Infectious Diseases, Tokyo, Japan\]; Anc80L65, gift from Dr. L. Vandenberghe \[Harvard Medical School, MA\]; pAAV-DJ, pAAV-DJ8 \[Cell Biolabs, San Diego, CA\]) were transiently transfected into AAV-293 cells. Viral titers were determined by real-time PCR using FastStart Universal SYBR Green Master Mix (Roche Diagnostic, Penzberg, Germany) and specific primers, as described previously ([@bib45]). A lentivirus expressing *Cre* (CSII-EF-Cre-IRES2-Puro) and its production by transient transfection in 293T cells were previously described ([@bib30]). The viral culture supernatant was concentrated by ultracentrifugation at 19,400 × *g* for 2 hr. The viral titer was determined using a qPCR Lentivirus Titration Kit (Applied Biological Materials, Richmond, Canada). An adenovirus expressing *Cre* (AxCANCre) or *Kitl* (Adex1CAmKL; both from RIKEN BRC, Tsukuba, Japan) was produced in 293 cells and prepared using CsCl centrifugation, and the viral titer was determined as described elsewhere ([@bib43]). The viral titer was 1 × 10^12^/mL unless otherwise indicated.

Animals and Transplantation {#sec4.2}
---------------------------

For *in vivo* screening and tracer experiments, we used 4- to 5-week-old C57BL/6 (B6) × DBA/2 F1 (BDF1) mice. *Cldn11* KO mice were used as a positive control for tracer experiments (a gift from Dr. S. Tsukita, Osaka University, Osaka, Japan) ([@bib20]). In some experiments, we used 4- to 8-week-old *R26R-Eyfp* mice (a gift from Dr. F. Costantini, Columbia University Medical Center, NY) ([@bib41]). For fertility restoration experiments, 4- to 5-week-old *Kitl*^Sl^/*Kitl*^Sl-d^ mice were used (Japan SLC, Shizuoka, Japan). We also used 4-week-old *Prkdc*^scid^ mice (CLEA Japan, Tokyo, Japan) for CLDN11 immunostaining.

Microinjection of Virus Particles and Spermatogonial Transplantation {#sec4.3}
--------------------------------------------------------------------

For the tubular injections, virus particles were introduced into the seminiferous tubules via the efferent duct ([@bib33]). Approximately 10 or 4 μL were administered to testes of BDF1 or *Kitl*^Sl^/*Kitl*^Sl-d^ mice, respectively, because the latter were smaller. The same amount of virus was used for interstitial injection. Where indicated, we used neuraminidase (Sigma, St. Louis, MO) to enhance infectivity, as described previously ([@bib1]).

Spermatogonial transplantation was carried out as previously described ([@bib33]). Donor testis cells were dissociated into single cells with a two-step enzymatic procedure using collagenase and trypsin (both from Sigma). Cells were microinjected into the efferent ducts of BDF1 mice that had been treated with busulfan (44 mg/kg, Sigma) at 4 weeks of age. Each injection filled 75%--85% of the seminiferous tubules. All busulfan-treated recipient mice were used 4--8 weeks after busulfan treatment. The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.

Tracer Experiment {#sec4.4}
-----------------

A tracer experiment was carried out as described previously ([@bib42]). In brief, Sulfo-NHS-LC-biotin (7.5 mg/mL; 557 D; Thermo Fisher Scientific, Waltham, MA) was dissolved in PBS. Approximately 20 μL of freshly prepared solution was microinjected into the testis interstitium. After 30 min, the animals were euthanized and their testes immediately removed and fixed overnight in 3.7% neutral-buffered formalin at 4°C. The samples were embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan), and processed for cryosectioning. Sulfo-NHS-LC-biotin was detected by incubation with Alexa Fluor 488-conjugated streptavidin (BD Biosciences, San Jose, CA) before counterstaining.

Analysis of Recipient Testes {#sec4.5}
----------------------------

For the assessment of SSC activity, recipients were euthanized 2 months after transplantation and donor cell colonization was examined under UV light. Germ cell clusters were defined as colonies when the entire basal surface of the tubule was occupied and the cell clusters were at least 0.1 mm in length. To evaluate donor cell colonization by histological analysis, we viewed sections at 400× magnification to determine the extent of colonization in the testis, and collected images of the sections under an inverted microscope equipped with a CCD camera (DP70, Olympus, Tokyo, Japan) using Photoshop software (Adobe Systems, San Jose, CA). All sections were stained with Hoechst 33342.

Immunohistochemistry and Lectin Immunostaining {#sec4.6}
----------------------------------------------

For immunohistochemistry, testis samples were fixed in 4% paraformaldehyde for 2 hr and embedded in Tissue-Tek OCT compound for cryosectioning. Immunostaining of cryosections was carried out by treating the samples with 0.1% Triton X-100 in PBS. After immersion in blocking buffer (0.1% Tween 20, 1% BSA, and 1% donkey or goat serum in PBS) for \>1 hr, samples were incubated with the indicated primary antibodies at 4°C overnight. After three washes with PBS, samples were incubated with the secondary antibody. The antibodies and lectins used in the study are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

Analysis of Gene Expression {#sec4.7}
---------------------------

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA), and first-strand cDNA was synthesized using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific) and used for RT-PCR. For real-time PCR, the StepOnePlus Real-Time PCR system and FastStart Universal SYBR Green PCR Master Mix (Roche, Basel, Switzerland) were used according to the manufacturer\'s protocol (Applied Biosystems, Warrington, UK). Transcript levels were normalized relative to those of *Hprt*. PCR conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Each reaction was performed in duplicate. PCR primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

DNA Analysis {#sec4.8}
------------

Genomic DNA was isolated from the offspring by the standard procedure using phenol/chloroform extraction and ethanol precipitation. Deletion of the floxed allele and detection of virus integration were estimated by PCR. PCR primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

For detecting viral DNA by Southern blotting, we digested 20 μg of DNA with indicated restriction enzymes and separated the fragments by electrophoresis on a 1.0% agarose gel. DNA was transferred and blotted onto a nylon membrane (Hybond-N^+^; Amersham Biosciences, Buckinghamshire, UK). Hybridization was performed according to a standard protocol using entire AAV virus, a 930-bp *Eco*RI-*Xho*I fragment of the full-length *Cre* cDNA, or a 434-bp *Nci*I-*Bgl*I fragment of the full-length *Kitl* cDNA as probes. The membrane was hybridized for 16 hr at 65°C with a ^32^P-labeled probe.

Microinsemination {#sec4.9}
-----------------

Testes that had been injected with AAV were refrigerated overnight and were used for microinsemination on the day after collection, as described previously ([@bib35]). The seminiferous tubules of recipient testes were dissected and then dissociated by repeatedly pipetting the tubule fragments. In experiments using *R26R-Eyfp* mouse testes, testis tubule fragments containing EYFP-expressing donor cells were dissociated under UV illumination. Microinsemination was performed by intracytoplasmic injection into BDF1 oocytes. After *in vitro* culture, two-cell-stage embryos were transferred into the oviducts of day-1 ICR female mice (CLEA Japan). Offspring were born by cesarean section on day 19.5.

Statistical Analyses {#sec4.10}
--------------------

The results are presented as means ± SEM. Significant differences between means for single comparisons were determined by Student\'s t tests. Multiple comparison analyses were carried out using ANOVA followed by Tukey\'s honestly significant difference test.
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[^1]: Embryos were cultured for 24 hr and transferred at the 2-cell stage.

[^2]: Elongated spermatids were collected from recipient mouse testes that had received transplantation of R26R-*Eyfp* mouse testis cells.

[^3]: Elongated and round spermatids were collected from *Kitl*^Sl^/*Kitl*^Sl-d^ testes that had received AAV9-Kitl microinjection.

[^4]: Average weight of untreated *Kitl*^Sl^/*Kitl*^Sl-d^ mouse testes is 11.0 mg (n = 4).

[^5]: Total number of tubule cross-sections containing spermatogenesis/total number of cross-sections examined is indicated in parentheses.

[^6]: Neuraminidase was co-injected with AAV9-Kitl.
